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ABSTRACT

Numerous microcracks and pores in geological rock formations cause early flaws. High
temperatures increase these fractures and pores, thermally damaging reservoir rocks
and changing the rock failure mechanism. However, research on pores' high-
temperature thermal spalling and fragmentation effects on heterogeneous rocks is
sparse. This study built a finite element numerical model of heterogeneous granite rock
thermal damage with pores based on rock thermal fracture theory and the Voronoi
method and explored the mechanism under varied pore settings. The research's
findings indicate that the application of high temperatures to local heterogeneous
porous rocks results in a higher proportion of tensile damage. The proportion of shear
damage and tensile damage constantly varies due to the changing position and shape
of the pores. The rock's porosity has the effect of decreasing temperature in the
direction of heat transfer while increasing the extent of temperature transfer along the
pore parallel to the heating surface. The potential degree of damage increases as the
density of pores increases, the distances between them decrease, and the pore lengths
increase. The thermal damage resulting from heating in the vicinity of the pore is
primarily localized in the area between the pore and the heated surface. This effect
becomes more significant as the distance between them decreases. The findings of this
study can serve as a theoretical framework for understanding the impact of rock pores
on rock thermal fracturing and fragmentation in the thermal spalling-assisted
development of deep oil and gas resources.

©2023 Liu et al. Published by Avanti Publishers. This is an open access article licensed under the terms of the Creative Commons Attribution Non-
Commercial License which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly
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1. Introduction

With the rapid development of modern industry, the demand for oil and gas resources has greatly increased,
and the exploration and development of oil and gas resources has gradually shifted from shallow strata to deep
hard strata [1-9]. Traditional mechanical drilling techniques rely on the shearing action of the drill bit to achieve
the purpose of crushing rocks. This leads to severe wear on the drill bit, and the mechanical drilling speed is low,
making it difficult to control drilling costs [10-16]. Thermal spalling drilling technology is a non-contact and
efficient rock-breaking technology, suitable for drilling into hard strata, and has been widely used [17-22]. However,
there is little research on the impact of high-temperature flames on the initial pore of the rock, which can lead to
changes in the rock-breaking mechanism in thermal spalling drilling. Therefore, conducting research on high-
temperature heating of porous rocks and exploring the influence of pores on the law of thermal spalling rock
breaking has a very positive effect on improving the development efficiency of thermal spalling drilling technology.

Large amounts of geometrically irregular and multiscale pores are widely and randomly distributed in rocks,
mainly classified as connected pores, blind pores, capillary pores, and isolated pores [23-25]. Pore structure
affects the occurrence of oil and gas resources and determines the permeability of reservoirs in matrix and
fractures [26, 27]. Therefore, pore structure characterization and numerical model establishment are of great
significance in predicting rock properties and reservoir classification and evaluation [28, 29]. By using techniques
such as electron microscopy and CT scanning to study the connectivity of pore and fracture networks and
estimate micro-porosity [30, 31], and then combining direct modeling methods, non-reconstructive model
methods, and reconstructive model methods, numerical modeling of pore structures can be achieved [32]. The
evolution law of the micro-pore structure of granite under a geothermal environment or high-temperature
treatment can establish many relationships between macroscopic and microscopic characteristics [12]. Analysis of
the morphological characteristics of granite pore structure and mineral particles at different temperatures shows
that the porosity of granite increases as the temperature rises due to physical and chemical reactions [33].
Observation of the characteristics of the pore structure of heat-treated granite by using a micro-CT test system
displays that thermal spalling is more likely to occur at the cement and crystal interface [34]. Using mercury
intrusion porosity measurement method, the microstructural parameters of thermally treated granite in the
temperature range of 25 to 1200°C were obtained, and it was found that the porosity of granite increased rapidly
with increasing temperature, while the fractal dimension of pores showed a decreasing trend [35]. Identifying and
quantifying the characterization parameters of connected pore rate and overall damage in thermal spall rocks of
granite and evaluating their transport characteristics and mechanical strength respectively, it was found that
porosity measurement only reflects the open porosity on the surface of rocks, while permeability measurement
reflects the connected porosity [36]. At different temperatures, the porosity and permeability of rocks change
significantly, and pores of different sizes exhibit different characteristics when heated. When conducting thermo-
mechanical coupling analysis of granite, it was found that the trend of the micro-physical parameter values of
super-micropores is completely opposite to that of mesopores and macro-pores [37-39], the fractal characteristics
of mesopores and macro-pores are significant, and the fractal characteristics of micropores are the opposite. High
temperature has a dual effect on the mechanical properties of rocks, and the fractal dimension of cross-scale
pores is closely related to the mechanical properties of rocks [40]. Both the formation pressure gradient and the
pseudocritical pressure gradient will decrease with the increase of total porosity and large pore porosity, and the
nonlinear index (n) can be described by an exponential function with three parameters as the total porosity and
large pore porosity change [41]. The heterogeneity of the mechanical and mineralogical properties of the mineral
combination in porous rocks will produce local tensile stress when subjected to external loads, which will extend
and expand in one direction along larger scales of pores, eventually forming rock fractures. Therefore, the method
of using the multi-morphology extended pore and fracture coexistence theory to describe the interaction between
pores and multi-morphology fractures in the medium has been widely used in the inversion of rock pore
structures [42, 43].

Current research on rock pores mainly focuses on the evolution law of pores and changes in porosity and
permeability at different temperatures. However, there is still a lack of research on the impact of rock porosity on
the mechanism of rock breaking in thermal-spalling rocks. Therefore, this paper focuses on the heterogeneity of
rock grain size, mineral content, and particle size to establish a numerical model of porous heterogeneous granite
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thermal spalling damage. The effects of pore distance, pore length, and pore number on rock thermal spalling
damage were studied. By revealing the influence of rock pore structure on the mechanism of thermal spalling, this
paper provides a theoretical reference for the efficient development of deep oil and gas resources and the
application of thermal spalling-assisted drilling technology.

2. Theoretical Backgrounds
2.1. Theory of Thermal Fracturing of Rock

2.1.1. Thermal Conduction of Rock

When heating rocks, heat is transferred from the high-temperature central zone to the low-temperature
periphery (Fig. 1). If two parallel and equally sized sections S are taken from the rock along the path of thermal
conduction, with a temperature difference of AT between the two sections, a distance of An, and after a time dt,
the amount of conducted heat can be expressed as:

Temperature difference AT

\Heat tran?t

< T >,

/H eat lranskl

Distance An
-t ——>

Section I Section 2
Figure 1: Schematic diagram of temperature transfer.

AT
de—AESdt (1

where, A is the thermal conductivity coefficient, W/( m-K).

If we remove time and cross-sectional area from the above Eq. (1), we can obtain the calculation formula of the
amount of heat q transmitted per unit time per unit area,

q=-AgradT (2)

Moreover, the temperature variation within the rock follows the heat conduction equation,

-
% =kVeT 3)

where, T is the temperature, K; t is the time, s; K is the thermal diffusivity coefficient, K =pi—1, c is the specific heat

m

of the rock, pm is the density of the rock; V2 is the Laplace operator, y2 :‘iJriz o

+
ox* oyt o’

If the radius of the heat source is a and the time is t, then the general solution for the temperature of the rock
at a point r from the origin is given by

T(rt)=T,+(T, —To)exp[— r24“;t"“2 j{l—g(?jk I, (;:J} )
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where, Tq is the initial temperature of the rock; Ts is the temperature of the heat source; and I is the Modified
Bessel Function of the First Kind.

2.1.2. The Thermal Stress Inside the Rock

Due to the short heating time of the rock and the large temperature gradient, rapid stress changes occur inside
the rock, which is similar to thermal shock. After calculating the temperature at different points of the rock using
the above Eq. (4), the formula for calculating the tensile stress caused by the thermal shock on the free surface of
a semi-infinite body is used,

o =BEa(pyc)z (T)/(A) (5)

where, B is the Biot number (a dimensionless heat release coefficient), B, =dy/4; a is the coefficient of linear
thermal expansion of rocks; & is the thickness of the rock that is being heated; y is the heat emission coefficient.

The average tensile stress of granite at different temperatures can be calculated by Eq. (5). When the tensile
stress exceeds the tensile strength of the rock, the rock undergoes tensile failure.

The rock will undergo thermal fragmentation when the shear stress generated by two adjacent isothermal
surfaces exceeds the maximum shear stress of the rock,

5 G
:ﬁ‘g (6)

Tr

Where, &' is the coefficient of volumetric thermal expansion; G is the shear modulus; k is the thermal
conductivity; s is the thermal fragmentation coefficient, and for granite, s=9.5.

2.2. The Constitutive Theory of Rock Damage

2.2.1. The Governing Equations of the Damage Field

Granite contains many primary cracks and the distribution of cracks and other defects is random. Therefore,
when constructing a statistical damage model for rocks, it is considered that the strength of the microelement
inside the rock follows the Weibull distribution [44], and its probability density function is given by:

m-1 m
m(e &
2w (]
g0\ &0 €0
where, € is the axial strain of the specimen, and €, and m are parameters of the Weibull distribution. During
dynamic loading, as the load increases, microelements inside the specimen gradually fail and lose their bearing

capacity. According to the viewpoint of damage mechanics, the damage variable of the granite specimen under
load is given by:

jNP(s)de m
L
£o

where, D1 is the damage variable of the granite specimen under load; n is the number of failed microelements
inside the specimen; N is the total number of microelements inside the specimen.

High temperature and water cooling treatment can cause initial damage to the granite specimen, resulting in
the deterioration of its mechanical properties [45]. The initial damage variable of the granite specimen caused by
high temperature and water cooling treatment can be expressed as,
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Dr= WE 9)

0

where, T is the temperature of heat treatment; Er is the elastic modulus of the granite after being subjected to
high temperature and water quenching treatment; Eo is the elastic modulus of the granite specimen at room
temperature.

Therefore, the cumulative damage variable of the granite, which takes into account the damage under loading
and that induced by high temperature-water quenching treatment, is given by,

D=1-(1-D,)1-D,)=D, +D,-D,D; (10)

The constitutive relationship of the granite after being subjected to high temperature-water quenching
treatment under uniaxial dynamic loading is given by,

o =(1-D)E =(1-D)(1-D;)Ew (11)

In addition, considering the strain rate effect when the granite specimen after high temperature-water
guenching treatment is subjected to dynamic loading, it can be obtained that,

o=nM)e (12)

[
where, n(T) is the viscosity coefficient of granite at a heat treatment temperature of T; ¢ is the strain rate of
granite.

Therefore, taking into account the effects of load-induced damage, thermal treatment damage, and strain rate,
the dynamic constitutive model for the high temperature-water quenched granite can be obtained as,

o =(1-D)Ex =(1-D)(A1- D )Ee +7(T)& (13)
Substituting Eq. (10) and Eq. (11) into Eq. (13), it can be obtained that,

&

o =Ew—Eo{D; +(1-D;) 1t +n(M)e (14)

Although it has been found through experiments that this damage constitutive model is well-fitted to
experimental curves, its applicability is limited for different rocks. In order to facilitate the study of rock damage, a
damage variable is introduced into the multi-field coupling analysis equation [46, 47].

i \
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Figure 2: Constitutive relationship of rock under uniaxial stress state [47].
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As can be seen from Fig. (2), when the compressive stress (strain) is positive, the porous medium is elastic at
the initial stage of stress. According to the generalized Hooke's law, the porous medium satisfies the constitutive
equation expressed by displacement, pore fluid pressure p (shrinkage is negative), and temperature change T as
follows,

Guiyﬂ+ uiyjj+apyi+K'aT'I',i+Fi:O (15)

1-2v

where, G is the shear modulus of the medium; v is the drained Poisson’s ratio of the medium; ar is the coefficient
of thermal expansion of the medium under constant pore pressure conditions, °C"; a is the Biot's coefficient; Fi is

the physical strength; U, (i =x, y, z) is the displacement component in the direction i;
The drained bulk modulus of the medium is K’ =2G@1+v)/3@1-2v) .

The Biot's coefficient depends on the compressibility of the components in the medium and can be expressed
as [48],

K' 3y, -v)
K, B(-2v)(1+v,)

S

(16)

where, Ks is the effective bulk modulus of the solid components; B is the Skempton coefficient; vy is the drained
Poisson’s ratio of the solid components.

Using the compressive strength, tensile strength, thermal stresses, and thermal strains of rock, the concept of
thermal damage of rock can be defined. Firstly, stress state functions F1 and F2 are introduced, which respectively
represent the tensile damage and shear damage occurring when the stress state of the medium satisfies the
maximum tensile stress criterion and the Mohr-Coulomb criterion,

Fi=-o3—fy (17)

F,=—0, l+sing
T % king

(18)

where, f is the elastic limit tensile stress of rock; fe is the elastic limit compressive stress of rock; o is the first
principal stress; oz is the third principal stress; ¢ is the angle of friction for rock.

When F; and F; are greater than or equal to zero, rock undergoes tension damage and shear damage. It should
be noted that under any stress conditions, tension damage is prioritized.

The damage variable of rock is represented as [49, 50],

0 F,<0.F,<0
£to
D= 1—?3 F. =2 0.dF,;>0 (19)
1—|£0 F, > 0.dF,>0
&1

where, €., is the maximum tensile principal strain of the element when the rock undergoes tensile damage; ¢ is
the maximum compressive principal strain of the element when the rock undergoes shear damage; ¢, is the first
principal strain; &5 is the third principal strain; n is a coefficient used for the element damage evolution, and here
we set n=2.
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dF, > 0 and dF, > 0 respectively represent the continued loading states after two different types of damage,
which can result in the accumulation of damage parameters. dF; < 0 and dF, < 0, on the other hand, indicate
unloading states where there is no new damage accumulation, and the damage parameters remain the same as
the previous loading or time step.

2.2.2. The Effect of Damage on Various Physical Field Parameters

Based on the theory of elastic damage, the elastic modulus of the element after damage can be expressed as:
E=(1-D)Eo (20)
where, Ep is the elastic modulus before damage; E is the elastic modulus after damage.

It is assumed here that the damage and its evolution are isotropic, so Eo, E and D are all scalars. Damage must
necessarily cause an increase in the rock's conductive coefficient. As a preliminary study, the effect of damage on
the thermal conductivity coefficient is expressed as [51],

2s(T, D) = 24(T)exp(D/ o) (21)
where, a; is the coefficient of the effect of damage on thermal conductivity.

The porosity of rock formations is related to the stress state they are subjected to, and this relationship can be
expressed as,

¢ = (¢ — @) exp(—a, o) + ¢, (22)

where, ¢, is the porosity when under stress; a,, is the the stress sensitivity coefficient of porosity, which can be

taken as 5.0x108Pa'; ¢, is the limit value of porosity under high compressive stress; av is the mean effective
stress, which can be calculated using the following equation:

av=(0,+0,+0,)13-ap (23)

where, a is the Biot coefficient, which can be calculated according to Eq. (16). g, o, and g5 are three principal
stresses. In addition, the relationship between permeability and porosity can be assumed to follow the following
power law function;

k=ko(¢/ )’ (24)

When rocks are damaged, the evolution of their porosity and permeability becomes quite complex. Here, the
following equation is used to reflect the effect of damage on porosity:

k=ko(¢/ )’ exp(c, D) (25)
where, a, is the coefficient of damage effect on permeability, and its value is set to «;=5.0.
2.3. Description of Granite Heterogeneity

The grain size and volume fraction of different minerals are different, and the average grain size Ra of the
numerical model is expressed as [52],

Ra=, ol (26)
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where, w; is the volume fraction of different composition minerals; r; is the average particle size of different
composition minerals, mm; m is the number of mineral species.

The definition of the dimensionless heterogeneity index H is,

2.4. Control of Rock Porosity

When establishing porosity in COMSOL Multiphysics 5.6, different mathematical distributions are utilized to
define the size, direction, and pore size distribution of rock pores. Examples of these distributions include random,
power-law, Fisher, and size ratio distributions. The definition formulas for each distribution are as follows,

Random distribution: the probability density function of variable x follows a random distribution as follows,

1

R — < X< "
FO) =1 xS X X (28)
else

Power-law distribution: the probability density function of variable x follows a power-law distribution as follows,

@l Xy (29)

Xmin  Xmin

f(x)=

Fisher distribution: the probability density function of the Fisher distribution describes the mean angle (SI
units: rad) of the angular deviation 0 relative to the direction of the ellipse,

Sin@eKCOSH
f(x)=K T — (30)

where, K is the dispersion coefficient or Fisher constant.
Size ratio distribution: the aperture a (Sl units: meters) is directly proportional to the length of the fracture |,
a=cl (31

where, c is the proportionality factor.

3. Numerical Model of Porosity in Heterogeneous Rock
3.1. Establishment of Porosity Model in Heterogeneous Rock

The heterogeneity of rocks is simulated by the modeling method of Voronoi polyhedron with specified average
particle size and different volume fractions, and the control method of heterogeneity is displayed in Eq. (27). Firstly,
crystal parameters are selected according to the predetermined heterogeneity. To make the crystal parameters
reasonable, the heterogeneous rock samples used in this study are granite from Suizhou, Hubei. The mineral
content and material properties of the granite were determined by laboratory experiments, and the rock mineral
content and grain size are manifested in Table 1. Using PFC to group particles according to volume fraction,
Voronoi polyhedra are generated and the grouping information is assigned to the Voronoi polyhedra before
dividing the mesh. Then, different component material parameters of the rock are added according to different
groups, and finally, the data of each mesh node is extracted and imported into COMSOL Multiphysics 5.6 to
generate the material model of heterogeneous rock [53]. By calibrating the material properties of granite, the
micro-material parameters of granite are obtained as revealed in Table 2 [54].
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Table 1: Basic mineral distribution of granite.
Mineral Types Muscovite Quartz Albite Microcline Chlorite
Particle Size Range (MM) 1~1.8 2~3 3~4 1.2~2 1~2
Mineral Content (%) 7.8 12.2 34.5 411 4.4
Table 2: Material properties of initial heterogeneous granite.
Material Properties/Grain Type Albite Quartz Chlorite Muscovite Microcline Boundary
Density (kg/m?) 2540 2630 2600 2800 2630 2200
Specific heat capacity (J/(kg-k)) 711 750 820 760 711 870
Coefficient of thermal expansion (1/K) 1.067x107° 1.6x107° 0.75x107 1.21x10° 0.75x10° 0.5x107
Thermal conductivity (W/(m-K)) 3.26 4,94 3.26 3.14 2.34 5.0
Porosity 0.16 0.009 0.018 0.009 0.009 0.05
Young's modulus (GPa) 55 75 49 32 53 22
Poisson's ration 0.12 0.08 0.14 0.16 0.13 0.168

Based on the material model of heterogeneous granite, a porosity model of heterogeneous rocks is
established (Fig. 3), and the generation methods of different pores are defined using the development tools of
COMSOL Multiphysics 5.6. The pore generation methods are controlled by the rock pore control theory in section
2.4, and the method is called in the global definition to generate irregular pore structures with different numbers,
sizes, and positions to simulate the irregular pore structure in the real rock mass. In addition to the material of the
heterogeneous rock matrix, the material inside the pore is a special rock structure in the real rock mass, and the
pore is filled with air medium. The material parameters for the application in COMSOL Multiphysics 5.6 are
exhibited in Table 3.

255 26

Material properties of
heterogeneous rock

Pore model of heterogeneous rock

Figure 3: Porosity model of heterogeneous rock.

Table 3: Material parameters of air.

Density Heat Capacity at Constant Pressure Thermal Conductivity

1.28kg/m3 1004)/(kg-K) 0.023W/(m-K)
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3.2. Numerical Experiment Scheme

A computational model with multiple pores was established, where ellipsoids were used to simulate random
pores for 3D pores. The size and shape controlling parameters for random pores include the lengths of three
orthogonal a, b, and ¢ semi-axes. The parameters controlling the position of pores include x, y, z coordinates and
the rotation angle parameters for pores. COMSOL Multiphysics 5.6 includes various rotation axis types, such as x-
axis rotation angle, y-axis rotation angle, z-axis rotation angle, Cartesian rotation coordinates, and spherical
rotation parameters.

To accurately describe and analyze the different directions of ellipsoids in 3D space, the following definitions
were made for the three orthogonal sections of the ellipsoid: the largest section of the ellipsoid is the section q;
the smallest section is the section y; and the section perpendicular to both the section a and the section y is the
section f3, as announced in Fig. (4).

Section o

Section

Section y

Figure 4: Three orthogonal sections of an ellipsoid in 3D.

To study the effects of pore spacing on the heating of rocks, pores of the same size were generated and
arranged along three semi-axis directions in the heating direction with gap distances of 0.2mm, 0.3mm, and
0.4mm, respectively. Based on the above pore arrangement, the heat source moving speed was changed to 5cm/s,
10cm/s, 15cm/s, and 20cm/s, respectively, with a fixed heating radius of R=7mm to study the effect of different
heating depths on the interference between pores. The granite can be heated to a temperature of 700-1200°C
using 500W of heating power, which is by actual geological circumstances. Additionally, to study the effect of
different pore lengths on the thermal damage behavior of rocks, pore models with 100 pores of 5 different sizes
were established, where the lengths of two semi-axes were equal to 0.1Tmm, and the length of the third semi-axis
was changed to 0.1mm, 0.2mm, 0.3mm, 0.4mm, and 0.5mm, respectively. The effect of pore density on rock
thermal damage was also considered, and heating was carried out under the conditions of v=5cm/s and R=7mm
for each pore model. Random position distribution functions were established for 25, 50, 75, and 100 random
positions in the refined rectangular parallelepiped, respectively. As real rock pores are very small, and there is
currently no software available for studying nanoscale pores, the pore models established in this study were
reduced in size as much as possible within the computational range. The lengths of the three semi-axes
controlling the size and shape parameters of the pores were randomly chosen to be 0.1mm, 0.2mm, and 0.5mm,
and the rotation angles around the X, y, and z axes were also randomly chosen within a specified range, and the
pores were generated randomly within the specified range. The numbers and schematic diagrams of the rocks
with pores are unveiled in Table 4.

4. Simulation Results and Analysis
4.1. Pore Stress

For a random single pore, the stress and damage of different sections of the pore under different tempera-
tures vary. To analyze the damage mechanism of cracks in the pore under heating conditions, temperature, and
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Table 4: Computational models of heterogeneous porous rock.

Pore Number Velocity (cm/s)
K1 5
K2 10 oot
-
K3 15
K4 20 Dislall;:c between pores
Length of pores (mm)

K5 0.1
K6 0.2

\I\’;\d:.\w L
K7 0.3 .
K8 0.4 Length of pores
K9 0.5 )

Number of pores
K10 25
K11 50 e
K12 75 *
Number of pores

K13 100

stress analyses were carried out on different positions and sections of the random pore. Fig. (5) exhibits the
temperature, stress, and damage of different sections of the random pore. From the temperature of the section a
of the pore, it can be seen that the heat source is transmitted from the upper right to the lower left. When passing
through the pore, the temperature of the bottom of the pore along the direction of heat transfer is slightly
reduced. Therefore, it can be found from the corresponding damage distribution that the damage near the pore
position along the direction of temperature transfer has a more significant increase, while the damage at the end
of the long axis is relatively small. It can be seen that the heat source heating path of section B is from left to right
on the upper surface, and the overall temperature distribution is transmitted from top to bottom. There is a
significant difference in the stress distribution of the two pores in Fig. (5). The stress distribution of pore 1 is
similar to that of the pore in section @, and the stress is higher at the short axis of the ellipse. In contrast, the point
of higher stress in pore 2 appears at the top end of the long axis, and the short axis of the ellipse has higher stress.
The damage distribution of pore 1 is similar to the stress distribution, while there is a sudden change in damage at
the left end of the long axis of pore 2. The temperature distribution of the section y pore is similar to that of the
section a pore, but the temperature gradient is greater. The long axis direction of the section forms an acute angle
with the direction of heat transfer and is not in coincidence or perpendicular to it. Therefore, the stress
distribution is affected by both the direction of temperature transfer and the long-axis direction. The stress at the
two vertices of the long axis is directed towards two different directions, and the stress in the short axis direction
is also slightly different. The damage distribution of the rock spreads from the heat source center to the high-
temperature end of the long axis.

Comparing the temperature distribution of different sections, it is found that the temperature will be
weakened when passing through the pore, and the elliptical end far from the heat source center has a lower
temperature, while the rock has a relatively uniform heat transfer. Different heating environments cause the pores
to exhibit different stress characteristics, and the temperature change when passing through the pores will cause
a sudden change in thermal stress. From the stress distribution, it can be seen that the stress at the nearest and
farthest ends along the heat transfer path is small (for example, the stress value at the upper and lower endpoints
of the section a), while the stress at the two endpoints perpendicular to the heat transfer path is high (for example,
the stress value at the left and right endpoints of the section a). This is because the higher temperature end is
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thermally expanded, and its surface is an upward protruding arc, similar to an "arch structure". The stress will be
transmitted to both ends of the arc, resulting in the phenomenon of high stress at both ends or low stress at both
ends. The damage and stress distribution of the rock can correspond to each other. When the stress reaches the
damage threshold, damage occurs, and the greater the stress, the greater the damage value. The stress and
damage are not related to the direction of each axis of the pore but are related to the location of the pore and the
section it is on concerning the direction of heat transfer.

e Stress

03
Comparison of temperature, stress, and damage of section «

x10’N/m?

900 1
800
. 4 98

Pore 1
1700

1 [

Ho
Pore 2 Damage mutation 04

B 500
-2 03
400 02
Temperature Stress l Damage 01

300
Comparison of temperature, stress, and damage of section 3 - 5
900 19 N/m

s 09
800
& 08
0.7
700 -
t2 06
600 0 t{05
04
500
-2 03
400 4 0.2
Stress o
-6

300

{600

Comparison of temperature, stress, and damage of section y

Figure 5: Comparison of temperature, stress, and damage at different cross-sections of random pores.

It can be concluded that during the heat transfer process, ellipsoidal three-dimensional pores will cause a
temperature decrease along the heat transfer direction because the thermal conductivity of the pore is lower than
that of the rock. Compared with other parts of the rock, the pore has a greater temperature gradient, which leads
to an increase in thermal stress in the rock. In addition, there is a significant correlation between the stress of the
pore and the isothermal surface. When the pore is spread along the isothermal surface, the stress value is similar.
When comparing the elliptical stress distribution of different sections, since the curvature at the long axis of the
pore cross-section is higher, the stress concentration is more obvious, so the end of the pore is more prone to
stress concentration and damage under the same temperature conditions compared to other parts. At the same
time, due to the temperature decrease when passing through the pore, there is a greater stress difference
compared with other parts of the rock along the direction of temperature transfer, so the heating of the pore in
the rock is more likely to cause damage.

Analysis was conducted on the different positions and long-axis directions of a single pore. The pore at
different positions was subjected to different temperatures, resulting in different pore stresses and damages in
the rock. To study the mutual influence of different pores, temperature, stress, and damage analyses were
performed on pores K1~K4 at different intervals and planes. Fig. (6) shows the mutual influence of parallel pores
under different speeds. The location of the pore is divided into different planes. Fig. (6a) flashes the temperature,
stress, and damage distribution of the heated rock with a heat source of V4=20cm/s and R=7mm. When high
temperature passes through the pore, it can be seen from the distribution of the z-plane that the temperature
distribution of the rock with pores is wider, especially along the vertical direction of heating, and the longer the
ellipse axis, the wider the temperature propagation. The different intervals between pores have little effect on the
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temperature propagation. When comparing the y-plane, it is found that the pore can prevent the temperature
from propagating downward. When the temperature propagates downward, the longer the ellipse axis and the
closer the distance between the pores, the more significant the inhibitory effect. Similar to the temperature
distribution, there is no obvious pattern in the stress distribution of the z-plane. It seems to be only affected by
the rock material, and the stress shows the characteristics of a single pore. The distribution of the axis direction
and the interval between pores do not affect the distribution of stress, and there is no obvious interaction
between multiple pores. From the y-plane view, the distance between the pores has a certain impact on the stress
distribution between the pores based on the distribution of stress of a single pore. The stress between the pores
is inversely proportional to the distance between the pores and is unrelated to the direction of the long axis.
Under this heating condition, when the heat transfer direction is perpendicular to the line connecting the two
pores, the ratio of the half-axis length of the pore to the distance between pores is greater than or equal to 1, and
the influence between pores can be ignored. From the perspective of the z-plane, the material distribution of the
rock is the biggest factor affecting the damage of the rock and is unrelated to the distance between pores. The
damage and stress in the y-plane correspond well, and the farther the distance between the pores, the smaller the
damage of the rock.

As a comparison, the diagram distribution under the heating condition of V,=10cm/s and R=7mm in Fig. (6b) is
compared with Fig. (6a). When the heating source moves slowly, the heating time of the rock is prolonged, and the
overall temperature, stress, and damage become more prominent, and the phenomenon is more significant, with
higher temperatures, stress, and damage in the pores. Similar to the temperature distribution in Fig. (6a), due to
the higher temperatures in the z-plane and y-plane of Fig. (6b), the temperature distribution and stress
distribution of the pore locations can be seen, which also matches with Fig. (6a). As the temperature increases, the
damage values and damage range gradually increase, with the damage diagram and temperature distribution in
the z-plane corresponding to each other, while the depth of damage in the y-plane increases significantly. At this
time, the damage range has covered the bottom of the pores parallel to the section a and z-plane. Pore damage
extends downward along the two end points of the heat transfer path and is prone to occur at the pores' edges. At
this time, the spacing between the pores can promote damage development well, and the closer the distance, the
easier the pore edge is to be damaged. The relationship between rock pore distance and thermal damage is also
related to the heating speed, and the higher the temperature, the greater the distance of the mutual influence of
thermal damage between the pores.

4.2. Pore Damage

A comparison was made of the damage to rocks with and without pores under different heating rates to study
the effect of pores on rock damage in Fig. (7). The results show that both curves exhibit a decrease in rock damage
with increasing heating rates. It can be seen that, under the same heating conditions, rocks with pores suffer
greater damage than those without pores, and the growth of the two curves follows an exponential function as
the heating source moves slower. Rocks with pores have a faster growth rate, consistent with previous
conclusions: the higher the temperature, the easier it is to generate damage near the edges of the pores.
Therefore, from the perspective of damage distribution, the damage to rocks with pores is concentrated around
the pore location, and the damage level at the center position is higher, while the damage distribution is more
uniform without pores.

Brittle damage such as thermal spalling is the main type of rock thermal damage, and Fig. (8) unveils the
damage patterns and comparison curves with and without pores. Rock thermal damage includes tensile damage
and shear damage, where tensile damage accounts for a greater proportion of total damage, while shear damage
only accounts for a small part and has a lower degree of damage, hardly affecting the total damage or tensile
damage. From the perspective of damage distribution, shear damage exhibits distinct features, that is, shear
damage mainly distributes in the middle position between pores and the heated surface, and the farther away
from the heated surface, the lower the degree of shear damage. The closer the distance between multiple pores,
the more significant the degree of shear damage, and this increasing trend is faster than that of shear damage
without pores. As shear damage accounts for a small proportion, it can be considered that the changes in trend
and distribution of tensile damage are consistent with those of total damage.
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To investigate the influence of pore size on the thermal damage of rocks, the K5-K9 pores were analyzed.
Keeping the two semi-axis sizes constant, the long-axis size of the pores was changed. When the size was 0.1mm,
the pore was spherical. Increasing the long axis size, the pore became longer, with a circular y-section, and the a-
section and [(3-section were both ellipses. Fig. (9) displays the distribution and variation of pore damage at different
long-axis sizes. It can be seen that pore damage spreads from both ends of the long axis to the middle, with
greater damage on the upper surface and smaller damage on the lower surface as the pore length increases. The
pore length influences the damage distance. The overall damage increased with the long axis size of the pore, as
indicated by the variation of the curve. The damage of the rock was still mainly tensile, accounting for more than
95%, and its damage growth curve was consistent with the trend of total damage, with similar values. Shear
damage was a relatively smaller proportion and its variation was negligible during the entire heating process.
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Figure 9: The influence of pore long axis size on rock damage.

Different pore distances have a significant impact on the thermal damage of rocks. In the analysis of pore
distance, it was concluded that the distance between pores is inversely proportional to rock damage. To study the
impact of different pore densities on rock damage, the K10-K13 pore models were simulated. Changing the pore
density in the rock model can change the distance between pores and reveal the impact pattern in randomly
distributed pores. Fig. (10) shows the effect of pore density on rock thermal damage. The proportions of total
damage, tensile damage, and shear damage shown in the figure are consistent with the previous discussion.
However, from the growth curve, it can be found that the different damage curves increase approximately
proportionally with the increasing pore density of the rock.
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As revealed in Fig. (11), the comparison of pore quantity and rock thermal damage distribution is presented.
Among them, K10 to K13 pores increase in number, and the areas with higher damage are concentrated around
the heating center. Rocks with fewer pores have lower and discontinuous damage and less damage. As the
number of pores increases, the distance between the pores in the rock gradually decreases. When different pores
are less than a certain distance, the mutual influence between pores will increase the stress and damage. Local
rocks between pores are more likely to generate larger damage than other areas. Therefore, damage in rocks with
more pores tends to have a more uniform damage distribution and higher degrees of damage.
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Figure 11: The distribution of thermal damage in rocks with different pore quantities.

In summary, the longer the long-axis size of rock pores and the more pores there are, the higher the degree of
thermal damage in rocks and the more concentrated the damage is. Tensile damage dominates the type of rock
damage, while shear damage mainly occurs at the edges of pores, which have a lower damage and degree of
damage.

5. Conclusions

The thermo-mechanical coupling model of heterogeneous rocks was utilized to incorporate pores with varying
angles, sizes, and positions. By analyzing the temperature, stress, and damage distribution of these pores under
heating conditions, the thermal spalling damage mechanism was uncovered. The following conclusions are
meaningful:

1. Locally heating heterogeneous porous rocks at high temperatures increases tensile damage and decreases
shear damage, which mostly occurs at pores. However, as pores move and form, shear, and tensile damage
ratios alter. In particular, shear damage increases as the pore approaches the heating surface, and tensile
damage increases as it moves away

2. Rock pores diminish temperature along temperature transfer, increasing stress differences at the pore
location. However, holes parallel to the heating surface increase temperature transmission. The stress
distribution of pores is highly correlated with the isothermal surface. Higher pore curvature at the isothermal
surface makes stress accumulation and damage simpler.
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3. The slower the heat source, the longer the granite will heat up, increasing its pores, stress, and damage. The
rock damage range will expand.

4, Longer pores mean shorter distances between pores, and higher pore density means more rock damage. The
damage caused by rock heating the pores concentrates on the space between the pore and the heating
surface, and the closer the distance, the greater the effect.

The present research examines how pore length and density affect thermal fracture damage during thermally
assisted rock cutting. The findings provide a theoretical framework for understanding how pore structure impacts
thermal spalling in deep oil and gas reservoirs. Pore exploration-based rock fracture research may be added in the
future, creating the theoretical framework for this technology.
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